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SPEED  OP  SOUND  IN  UNCONSOLIDATED 
SEDI.1EN1S  OF  BOSTON  HAriBOh,  KA3S. 
by 

Lloyd  Frederick  Lewis 

Submitted  to  the  Department  of  jeology  and  Geophysics  on 
September  16,  1966  in  partial  fulfillment  of  the  require¬ 
ments  for  the  degree  of  naster  of  Science. 

ABSTRACT 


In  situ  measurements  of  the  speed  of  sound  in  surf leal 
marine  sediments  of  coston  harbor  have  been  made  at  approx¬ 
imately  100  stations.  A  simple  spark  discharge  of  charged 
capacitors  created  the  sound  pulse  wnicn  was  received  by  a 
conventional  nydrophone-ampllf ier-oscllloscope  system, 
photo  rapns  were  taken  of  the  trigger  pulse  as  displayed  on 
the  oscilloscope  screen.  Detailed  time  records  were  ob¬ 
tained  using  a  delay  time  base.  First  arrivals  transmitted 
by  tne  hydrophone  appeared  In  the  frequency  ranee  or  10  to 
30  kllocycles/second  while  the  sound  source  likely  emitted 
a  broad  spectrum  of  frequencies. 

Sediment  samples  at  all  stations  have  been  obtained 
either  by  gravity  coring  (aided  by  hammar  blows)  or  bucket 
crabs.  Laboratory  analyses  of  rrain  size  distribution  and 
water  content  have  Deen  made.  Porosity  was  calculated 
assuming  complete  water  saturation.  The  author  attempted 
to  correlate  these  various  physical  properties  with  Iji  situ 
sound  speed  measurements  and  has  compared  his  work  to 
studies  of  similar  sediments  by  other  Investigators.  The 
presence  of  methane  and  hydrogen  disulfide  ases  In  the 
sediment  limited  tne  decree  of  simple  correlation  between 
sound  transmission  and  other  physical  properties.  — 

■  i 
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Introduct  ion 


A.  Object  of  xiesearcn 

inis  research  was  undertaken  In  an  attempt  by  kne 
aut  ior  to  rela-.e  tee  speed  or  propo;a»-lon  of  acoustic  en*>ra-y 
terou  n  naturally  occurrln  marine  sediments  to  o'  her  physi¬ 
cal  properties  of  tee  sediment.  Latora-ory  measurements 
of  sound  speed  on  core  samples  nave  yielded  results  In  close 
agreement  to  irt  situ  sound  spee^  measurements  only  In  nose 
Instances  where  tee  sediment  was  maintained  in  Its  original 
las-tree  state  and  wr.en  due  consideration  was  lven  *0 
chan/es  In  pressure  and  temperature  of  tne  sample  (Hamil- 
ton4  ,  oykes  ).  In  Boston  Harbor  tne  presence  of  an  unknown 
amount  of  cydrouen  disulfide  and/or  mecnane  was  obvious  from 
tne  odor  of  samples  collected.  The  temperature  of  *ne  wa-.er 
and  sed  linen-  varies  a  reat  deal  in  very  shallow  re  ions  over 
a  tidal  period  an'1,  dally  wltn  weatner  condl  Ions.  Con¬ 
sidering  the  po-en-.lal  lnconsls- ency  In  relatln  labora-ory 
co  situ  conditions,  -ne  author  decided  to  make  sound 
speed  measurements  Un  situ  and  obtain  samples  o'"  sediment 
for  laboratory  analysis  of  physical  properties  whlcn  would 
be  unaffected  by  transporting  tne  sample  to  the  labora-ory. 

Hdcerton^  nas  snown  tnat  penetra*lon  o'"  12  kilocycle/ 
secona  sound  is  possible  In  Boston  isrbor  sediments  only  In 
cnose  areas  whl oh  are  not  covered  by  a  black,  fine-rained 
odoriferous  mud.  The  latter  acts  as  an  almos-  perfect 
reflector  of  souna  emery  even  when  only  inches  tnlck.  ihe 
author  Invest  lf.at  ei  tnis  layer  as  well  as  tne  unnerly inm 
compact  clay  and  sand  layers  In  an  actemp-  to  assign  'typi¬ 
cal*  sound  speed  values  for  use  In  accurately  converting  rec¬ 
ords  of  travel  tlme(from  continuous  seismic  pro* lies)  to 
s-eoloeical  cross-sec- ions . 

From  seismic  lnves- l-tat  1  ons  o  deep-lyinc  sediments,  a 

re'rac-lon  -ecnnlque  yields  an  avera  e  soun4  speed  -  o  use  in 

14  2S  42 

computing  dep-h  (Hwin^r  ,  Houtz  ,  Shor  ).  This 
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technique  does  not  discriminate  between  layers  of  low  acous¬ 
tic  contrast  and  effectively  masks  the  distinction  of  thick¬ 
ness  of  tnese  layers. 

In  the  present  study  a  horizontal  variability  in  sound 

speed  amounting  to  Uo*  or  more  Is  noted  In  the  surflcal 

sediments  over  the  30  square  mile  study  area  of  Boston  narbor. 

Vertical  variability  in  sound  speed  amounted  to  30i  In  the 

first  few  feet  at  some  locations.  Assignment  of  sound  speeds 

averaged  over  the  Harbor  would  certainly  produce  significant 

errors  In  calculated  layer  depthB  locally. 

A  further  application  of  sound  speed  measurements  Is 

In  the  field  of  soli  mechanics.  Once  the  speed  of  the  com- 

presslonal  wave,  to©  density  and  the  compresslvlllty  of 

a  sediment  are  determined.  It  Is  possible  to  calculate  the 

other  elastic  properties  Including:  Poison's  Hntlo,  Shear 

Modulus,  speed  of  shear  wave.  Young's  Modulus,  and  Lame's 

27 

constant  (Jaeger  Assumptions  and  techniques  for 

carrying  out  these  calculations  have  been  given  by  Hamil¬ 
ton  18 

and  will  not  be  repeated  here. 

B.  Previous  Investigations 

Hamilton  -2  reported  In  situ  sound  speed  measurements 

In  1956  off  San  Diego.  Operating  In  90' feet  of  water, 

SCUBA  divers  Inserted  acoustic  probes  into  the  sediment  and 

recording  was  done  with  oscilloscopes  on  a  surface  ship. 

Samples  were  collected  and  kept  'air-free*  until  laboratory 

analyses  of  density,  porosity  and  grain  size  were  completed. 

Hamilton  noted  that  sound  speed  In  sediments  of  high  porosity 

was  less  than  that  In  sea  water  and  explained  this  by  Dart- 

lcle  movement  In  a  sound  field  causing  frictional  losses  *ue 

to  viscous  drag.  In  situ  sound  speed  measurements  were 

20 

conducted  again  In  1963  (Hamilton  )  In  1000  feet  of  wa'-er 
using  the  bathyscaphe  Trieste.  Laboratory  analyses  of  sedi¬ 
ment  properties  were  conducted  as  In  the  previous  study. 

The  general  findings  of  tnese  measurements  are  listed  In 
Table  III,  Section  V  of  this  paper. 
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Sound  speed  measurements  were  made  In  situ  In  a  fresh 

28  ' ” ' ' 

water  lake  by  Jones  in  19hd.  Iwo  hydroprones  were  burled 
In  the  lake  bottom  to  known  deptns  and  a  known  separation. 

The  time  delay  In  sensing  a  spark  discharge  In  tie  water  (at 
a  known  depth)  Indicated  by  an  oscilloscope  record  of  the 
hydrophone  receptions  provided  a  means  of  determining  sound 
speed.  Divers  noted  a  great  amount  of  organic  debris  decay¬ 
ing  and  generating  free  gas  In  tne  sediment.  Us  In*  mis  *wc 
Hydrophone  technique,  Jones  was  able  to  determine  tha*  m® 
sound  speed  through  the  ?as  cnar?ed  bottom  was  about  on®  *en- 

th  tne  sound  speed  In  the  lake  water. 

UH 

Sykes  used  acoustic  probes  (modified  from  wood  and 
Weston"  )of  small  radiating  area  to  pulse  3£0  kilocycle/ 
second  sound  through  various  strata  in  deep  sea  cores  ob¬ 
tained  by  tne  Wood’s  nole  Oceanographic  Institution  In  19  9. 
Assuming  the  ratio  of  sound  speed  in  sediment  to  sound  speed 
In  water  remained  constant  f or  situ  and  laboratory  cond¬ 
itions,  Sykes  was  able  to  calculate  on  tne  basis  of  salinity 
and  temperature  measurements  (Albers1)  the  speed  of  sound 
In  sea  water  In  situ  and  thus  the  speed  of  sound  In  sediments 
In  situ.  The  results  thus  obtained  are  listed  in  Table  III, 
Section  V  of  this  paper.  The  basic  difficulty  with  Sykes’ 
system  Is  In  the  probe  size  and  Inherent  frequency  limita¬ 
tions.  In  order  to  maintain  the  radiatin'  area  small  wl’-n 
respect  to  core  diameter  and  to  emit  sound  wnose  wa^elenc-n 
was  smaller  than  any  particle  size,  Syke  resorted  to  ul'ra- 
sonlc  frequencies.  Transmission  was  possible  in  highly 
porous  fine  clays  but  signal  attenuation  and  sca^erlnc  pro¬ 
hibited  reception  through  slits  and  sands.  [no*?:  figures 
<3  and  9  of  this  paper  explain  the  size  terms  men- 1  oned  ] . 
oyKes  also  determined  water  content,  rain  size,  porosity 
and  density  assuming  tne  cores  had  no*  dried  appreciably 
over  tne  year  period  between  collection  and  analysis. 

ihe  use  of  lower  requencles  in  analyzing  small  samples 
In  the  laboratory  for  sound  speed  is  possible  using  a 

ilO  I'll 

technique  developed  by  Toulis  and  Jh unway  in  19-6. 
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Ine  sediment  sample  is  placed  in  a  c ompllant -walled  cylind¬ 
er  and  set  into  resonance  by  one  acoustic  probe.  1  he 
frequency  at  whlcn  t.nls  resonznce  occurs  Is  measured  by 
anotner  probe  and  Indicated  accurately  by  a  counter-ampli¬ 
fier  voltmeter  system.  Over  a  frequency  range  of  2t  to  35 
kilocycles/second ,  tne  speed  of  sound  was  determined  from 
frequency  Measurements  and  resonance  mode  assumptions.  At 
tne  sane  time  a  sediment  sound  attenuation  factor  was  deter¬ 
mined  from  tne  of  the  frequency  resonance.  An  Indication 
of  Snunway's  results  Is  -lven  In  Table  III,  Section  V  of  ►his 
paper.  1  he  major  criticism  of  tnls  technique  Is  In  tnat  it 
does  not  provide  for  repeated  measurements  on  tne  same 
sample.  Invariably  -as  forms  on  decreasing  pressure  and  In¬ 
creasing  temperature  as  a  result  of  setting  the  sample  Info 
resonance,  eltn  tne  gas  present,  the  attenuation  Is  much 
too  nlch  to  repeat  the  measurement. 

Nolle"  worked  wit.n  artiflcally  compacted,  sorted  san^s 
In  an  attempt  to  characterize  tnelr  sound  transmission 
properties.  Sound  speed  was  not  measured  in  these  experi¬ 
ments  but  wnen  otner  factors  were  analyzed  It  became  appar¬ 
ent  that  gas  was  coming  out  of  solution  and  depositing  on 
the  sand  eralns,  creating  hlg.n  attenuation  and  scattering 
coefficients  at  tne  operating  frequencies  of  400  to  1000 
Kllocycles/second .  A  solution  to  this  difficulty  was  the 
continuous  boiling  of  tne  sample  durlnc  experimentation  to 
maln’ain  eas-free  conditions.  From  an  assumption  of  no 

rlelrtty  (u  =  0  for  highly  porous  systems)  ’•he  speed  of  a 

27 

compress  1 onal  wave  Is  el ven  by  (Jaeger  ): 

V  =  ./“*7d  =  J  1  /aC  (1) 

Anere  V  =  sound  speed,  k  =  lmcompresslbillty ,  d  =  density 
and,  C  -  compressibility.  If  the  system  has  a  slight  amount 
of  gas  entrainment  It  becomes  hiehly  compressible  without  a 
comparative  density  decrease  and  tne  net  sound  speed  Is 
reduced . 
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•  terson'and  tirandt  nave  snown  by  ratner  independent 
analytical  means  tnat  a  drastic  reduction  in  sound  speed 
occurs  for  only  a  small  percentage  of  free  ;as  by  volume 
In  a  solld-llquld-Tas  system  of  components,  The  sound  spe»d 
f or  a  0.2*  fraction  of  s-as  In  tne  void  volume  of  a  solid- 
liquid  system  Is  only  ‘.0 i  of  tne  sound  spe»d  In  tne  later. 
Pnyslcal  reasoning  points  out  tnat  If  tras  Is  present  as  free 
bubbles,  tnese  bubbles  will  expand  and  contract  absorbing 
sound  energy  and  lengthening  tne  time  of  proportion.  In 
addition,  tne  bubbles  scatter  and  otherwise  attenuate  the 
signal. 

Assumlnm  the  possibility  of  an  Heal  mixture  of  one 
solid  (s)  and  one  liquid  (1)  component,  Officer  mas  der¬ 
ived  an  equation  expressing  tne  sound  speed  (V)  in  terms  of 
porosity  (n),  density  (d)  and  compressibility  (c): 


Va= 


L"  dl  + 


(1  -  n)ds]  [  n  CX  +  (1  -n)Cs] 


(2) 


For  n  ■  unity,  that  Is  all  liquid,  the  sound  speed  reduces 
to  that  of  the  liquid  (see  one-component  relation,  equation  1) 


V3 


dlCl 


(3) 


For  n  =  0,  that  Is  all  solid  trains,  the  sound  speed  reduces 
to  tnat  of  tne  solid  (see  one-component  relation,  equation  1) 


r3=_ 


dsCs 


-=  V 


(«0 


As  t.ne  porosity  decreases  sllshtly  from  unity,  considering 
densities  and  compressibilities  relatively  uncnan-”  1  nc,  the 
denominator  in  (2)  remains  suc.n  that  the  sound  speed  de¬ 
creases  since  tne  ’n'  terms  predominate  and  liquid  compress¬ 
ibility  Is  mucn  greater  tnan  tnat  of  solids  while  liquid 
density  Is  less  tnan  'hat  of  solid.  Further  decrease  of 
porosity  causes  tne  '(1-n)'  terms  to  become  dominant  anJ 
since  Vg  Is  always  greater  tnan  V^,  tnere  occurs  a  minimum 
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where  the  sound  speed  of  the  mixture  Is  less  than  that  in 
the  liquid  alone.  This  concept  Is  further  discussed  In 
Section  V  of  this  paper  in  relation  to  tne  experiments  of 
i;afe  and  Drake-36. 
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II  SCOPE  OF  PROJECT 

This  research  was  undertaken  in  co-operation  witn  the 
Postal  Harbor  Group  here  at  M.I.7.  under  the  direction  of 
Dr.  Ely  Mencher.  The  objective  of  this  group  was  to  sample 
the  surfical  sediments  over  mo*t  of  Eoston  Harbor  and  using 
conventional  laboratory  techniques  to  work  out  the  recent 
geological  history  of  this  area.  The  author  originally  In¬ 
tended  to  occupy  a  small  number  of  stations  with  the  harbor 
Group  and  to  develop  a  sound  speed  measurement  technique. 

It  soon  became  apparent  that  numerous  stations  would  have  to 
be  occupied  in  order  to  find  sites  where  similar  sediments 
could  be  compared  and  to  note  sicnlflcant  trends  In  the  re¬ 
sults  of  the  sediment  analyses.  The  author  therefore  chose 
to  work  with  the  Harbor  Group  through  the  summer  of  1966  to 
collect  data  at  each  of  100  stations  as  shown  In  Figure  1. 

The  stations  are  on  an  arbitrary  grid  network  and  apparent 
paps  In  the  grid  Indicate  sites  wnere  shallow  wa*-er  an'Vor 
a  rocky  bottom  prohibited  sound  speed  measurements. 

The  surflclal  peoloc-y  of  tne  Eoston  Harbor  has  been  re- 

Uo 

viewed  briefly  by  Phipps  .  One  or  more  glacial  till  layers 
occurlng  as  drumllns  or  drifts  are  evidence  of  the  las- 
Pleistocene  glaciation.  The  glacial  till  Is  an  unsorted 
mixture  of  sands  and  travels  witn  fine  clay-slze  rock  #'lour, 
and  some  clay  minerals.  It  is  postulated  that  at  the  waning 
of  tne  Ice,  tne  land  rose  and  was  eroded  slightly  an'1  then 
same  to  leave  depressions  In  wnich  fresh  and  salt  water  peats 
and  black  silty  f osslllf erous  sediments  were  deposited.  A 
hi /.n  rate  of  dlscnarge  of  or.anlc  wastes  by  man  n  .  helped 
to  create  tne  surfical,  black,  odoriferous,  soft  rud  layer 
tnat  covers  most  of  the  undredged  area  of  tne  narbor. 

Frobably  the  best  sorted  and  most  nomop»neous  deposit 
Is  tne  very  stiff  Eoston  Elue  Clay  ( Lambe  )  tea*  occurs  as 
thick  as  100  feet  under  a  layer  of  black  mu^  or  a  lay»r  nf 
sand  and  ravel  over  most  of  the  Harbor.  Where  *ne  cover*  i.- 
nas  been  dred-ed,  the  clay  arts  as  an  acousttc  absorber  bur 
wnere  the  black,  aseou.  mud  is  as  thin  as  a  few  inches,  -he 
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FIGURE  I.  SOUND  SPE/C  AND  SAMPLE  STATIONS 
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bottom  Is  a  nearly  perfect  reflector  or  sound  enere-y. 
These  two  lltholo-les--the  black  mud  and  the  ros^on  Blue 
Clay--ln  addition  to  an  occasional  sandy  to^-orr.  in 
areas  were  the  materials  most  often  encountered  In  sur¬ 
face  samplin'  and  soun^  speed  measurements  In  Mis  re  Ion 
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III.  ;  I  ELD  FnGCED  'n£S 


A.  Site  Loea‘lon 

.iOSt  of  the  samples  an'*  all  or  the  sound  so^e'1  measure- 
cants  w*re  ‘aken  rrom  tie  M.I.'l,  n-searcn  Vessel  h. n.Shrock 
(Fl~ure  2).  llth  reference  -o  ai  arbitrary  crld  network 
plotted  on  ‘•ne  United  States  Coast  and  ..pobetlc  Survey 
Coart  2^6,  toe  vessel  was  anchored  at  a  proposer"  sra* ion  anr1 
a  position  was  established  using  sex-an*-  fixes  on  three 
visible  landmarks  and  resection  plottin  usln~  a  three-arm 
protractor.  The  estimated  accuracy  of  location  by  this 
tecnnique  is  2^  yards  and  Is  fixed  by  toe  one  minute  rea^lnv 
precision  of  toe  sextant  (.-..r.uges  and  Sons  Ltd.  1*12997)  and 
scale  of  the  cnart.  Several  stations  occurred  adjacent 
cnannel  bouys  wnlcn  facilitated  location. 

b.  Sound  Speed  ,-ieasurements 

Equipment  used  on  the  vessel  Is  snown  In  <-l<-ure  3.  '1  ne 

sonic  probe  and  samplin'  Instruments  were  suspend*-4  from  th*> 
snlpss  A-frame  as  snown  In  Figure  2.  -.avln-  anchor^  an-" 
obtained  a  position,  a  .zrab  sample  usln?  tne  van  Veen 
( •er* ,  Figure  3)o  r  a  core  usln  the  square  corer  ;*  a*  ,r  Imure 
3)  was  obtained  to  determine  the  coarseness  or  the  bottom 
anJ  to  obtain  a  sediment  sample.  If  a  sample  was  ^aken,  the 
sonic  probe  was  lowered  aft  and  sound  speed  measurements  were 
made. 

The  sonic  probe  (f.  Figure  3)  was  constructed  of  2^" 
diameter  cast  iron  pipe  with  1”  probes  of  C.I.P..  threaded 
Into  ’T’  couplings  spaced  approximately  two  feet  apar-  on 
the  2  1/2"  c.l.p.  cross  member.  The  supporting  members 
were  wels-nted  wltn  approximately  120  pounds  of  lead  *dout  nnuts* 
providing  a  total  welgnt  of  190  pounds  an."1  a  bearing  pressure 
of  approximately  110  pounds/incn3  a*-  tne  end  of  each  Drobe 
(in  air).  This  weight  an'4  conf  1  curat  1  on  was  found  -.o  be 
sufficiently  stable  to  maintain  tne  prob<=s  in  a  vertical 
position  in  the  bottom  except  when  *ie  * i^al  current  was  a* 
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FIGURE  2  RESEARCH  VESSEL 


FIGURE  3  FIELD  EQUIPMENT 
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equipment 


a.  square  corer 

b.  oscilloscope 

c.  camera  mount 
d  12”  scale 

e  amplifiei' 


f.  sonic  probe 

g.  Van  Veen  sampler 

h.  spark  cable 

i  hydrophone 

j  spark  source 


FIGURE  3 
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a  Mxlmum  and/or  the  surface  wind  caused  the  vessel  to 
swing  rapidly  and  tighten  the  cable  pulling  the  probes  • 
out  of  the  sediment.  A  heavier  probe  arrangement  and 
better  anchoring  tecnnlque  would  solve  these  problems. 

Fixed  to  the  end  of  one  probe  was  a  two-conductor, 
shielded.  No.  14  copper  wire  cable  (*h,t  Figure  3).  Approx¬ 
imately  100  feet  of  this  cable  led  back  to  the  ship  and  was 
connected  to  tne  spark  source  ( • J •  Figure  3).  The  latter 
Is  a  high  voltage  capacatlve  discharge  device  designed  by 
V.  McHoberts,  Stroboscopic  Laboratory,  K.I.T.  It  was 
operated  at  an  electrical  energy  output  of  about  80  watt- 
seconds  (3200  volts  across  4  microfarads)  which,  when 
triggered  once  per  second,  provided  80  watts  of  acoustic 
power  at  tne  short  circuit  discharge  In  sea  water  across  the 
two  ^14  wire  leads  ( • h • ,  Figure  3) 

At  the  end  of  tne  other  probe  ( • 1 • ,  Figure  3  and  LC33  a 
hydrophone  (Atlantic  Research  Corporation,  Serial  #1^2)  was 
fitted  Into  a  groove  cut  Into  the  1"  c.l.p.  The  hydrophone 
Is  a  plezeoelectrlc  device  (Hueter  )  constructed  of  coaxial¬ 
ly  mounted  lead  zlrconate-lead  tltanate  cylinders  In  a  neo¬ 
prene  rubber  sheath  with  an  overall  lencrth  of  4.3"  and  dia¬ 
meter  of  0.75".  When  caused  to  contract  and  expand  by  the 
acoutlc  pressure  wave  from  the  shock  associated  with  the 
spark  discharge,  tne  cylinders  set  up  a  potential  difference 
across  face-mounted  electrodes.  The  voltaze  was  transmitted 
back  up  to  tne  surface  by  a  two-conductor,  low- impedance 
cable  and  to  the  vertical  Input  of  an  oscilloscope.  Accord- 
lnto  to  Its  specifications  ( UNSUSRL /0)the  hydrophone  has  an 
omnidirectional  sensitivity  In  the  X-Y  plane  If  held  such 
tnat  Its  long  axis  Is  In  tne  Z  direction.  Since  Its  free 
field  volta.-e  sensitivity  (over  the  frequency  range  10-100 
kllocycles/stcund)  ls-106  decibels  relative  to  1  volt/micro¬ 
bar  and  the  voltaze  received  at  the  oscilloscope  was  approxi¬ 
mately  0.8  volts  (a  maximum),  the  acoustic  wave  transmitted 
over  two  feet  of  sea  water  had  a  pressure  effect  a:  tne  hyd-  . 
rophone  of  about  1.75  pounds/lncha  (approximately  0.12  bars). 
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When  sound  was  transmitted  throurh  particularly  ’lossy* 
sediment,  the  signal  from  the  hydrophone  was  sent  throusn  a 
10X  or  100X  voltasre  amplifier  (Hewlett  Packard  Model  466A). 

The  ampllf ler( 'e* ,  Figure  3)  could  be  used  only  In  those 
Instances  where  tne  received  voltage  was  50  millivolts  or 
less  since  signal  clipping  occured-for  higher  voltages. 

The  received  signal  was  furtner  amplified  and  displayed 
by  the  osclll  ^cope(Tektronlx  Model  564,  #003378;  Dual  Trace 
Amplifier  #006623;  3A3  Delayed  Time  Base  #00229'  as  shown 

•b’,  Figure  3)*  The  received  signal,  togetner  with  the 
trigger  signal  from  the  spark  source  were  displayed  In  the 
0.1  millisecond  ’normal*  time  mode  and  then  the  received 
signal  only  was  displayed  In  the  10  microsecond  'delayed ’ t lme 
mode.  In  both  cases  a  photographic  record  was  obtained  on 
35  mm  film  using  the  camera  mount( author's  deslrn;  ’c’,  Figure 
3)and  a  single-lens  reflex  camera  with  close  focus  rings 
(Nlkkorex  Model  F, #399935:  Nlkkor  Model  H  50  mm  fl.2  lens:  not 
shown  In  Figure  3)* 

The  technique  used  In  making  the  sound  speed  measurement 
will  be  reviewed  briefly  wltn  reference  to  tne  dara  recorded 
at  Station  283  and  shown  In  Figures  4  tnroucn  6.  The  pro.-' 
was  lowered  slowly  through  the  water  column  with  tne  snip's 
hydraulic  winch.  The  spark  was  discharged  once  per  second  and 
a  record  was  made  of  the  sound  transmission  In  sea  water  (fig¬ 
ure  4),  having  noted  the  voltage,  time  and  time  delay  settings 
on  the  oscilloscope  and  the  original  spark-hydrop.none  separa¬ 
tion  at  the  probes.  The  probe  was  lowered  until  the  winch 
cable  slacked  and  a  measurement  was  made  In  the  sediment 
(Figure  5)  noting  voltage  and  time.  After  beln*  raided  araln 
to  tne  surface,  note  was  made  of  the  penetration  from  the 
sediment  marks  on  the  probes,  the  probe  spacinc-  was  checked 
and  tne  probe  was  lowered  asaln  to  obtain  a  measurement  nearer 
tne  depth  from  which  the  sample  was  taken  (Figure  6).  Com¬ 
parison  of  strata  was  also  possible  since  the  probes  were 
open-ended  pipes  and  collected  cores  from  tnelr  point  of 

deepest  penetration.  Finally  the  probes  were  raised,  hosed. 
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the  spacing  was  checked  atrain  and  the  equipment  was  secured 
for  tne  move  to  the  next  station. 

In  the  example  shown  In  Figures  4  tnrouo-h  6,  the  deeper 
measurement  (48")  showed  the  speed  of  sound  transmission 
to  be  91  creater  than  that  In  water,  while  the  shallower 
measurement  (20")  snowed  the  speed  to  be  actually  3<  less  tnan 
that  in  water.  A  moderate  amount  of  hydrogen  disulfide  gas 
was  noted  in  the  core  sample  from  the  surface  layer  but  none 
was  noted  at  depth. 

Table  I  witn  explanation  summarizes  the  data  and  re¬ 
sulting  sound  speeds  calculated  for  the  various  stations 
occupied.  An  estimate  of  the  maximum  signal  voltage  In  both 
sediment  and  water  was  recorded  but  this  Is  only  an  estimate 
since  the  power  output  cf  tne  spark  source  varied  by  as  much 
as  10.-  between  discharges. 

C.  Sediment  Sampling 

ihe  sediment  sample  was  obtained  with  either  the  Van 
Veen  rrab  sampler  (*£',  Figure  3)  or  square  corer  ('a',  Fig¬ 
ure  3).  As  the  Van  Veen  struck  tne  bottom  the  trip  bar  releas¬ 
ed  and  the  Jaws  closed  to  a  deptn  of  about  six  Inches.  The 
Instrument  was  simple  to  operate  and  gave  a  quick  Indication 
of  the  coarseness  of  the  sediment  Surface.  The  square  corer, 
designed  by  H.  Payson,  Department  of  Geology  and  Geophysics, 
k.I.T.,  was  used  where  samples  of  both  the  surface  and  Immed¬ 
iately  underlying  sediment  were  desired.  This  device  was 
lowered  over  the  stern,  held  vertically  at  the  sediment  sur¬ 
face  and  pounded  Into  tne  bottom  with  a  30  pound  lead  ’dough¬ 
nut'  drop  weight. 

examples  from  either  Instrument  were  examined  and  placed 
In  rlass  Jars,  capped,  and  labeled.  hote  was  made  on  a  core 
los-  of  the  estimated  gas  content  ( strengtn  of  odor),  the 
coarseness  of  strain,  method  of  sampling,  location  of  station 
and  other  pertinent  Information.  The  sample  was  then  taken 
to  tne  laboratory  for  further  analysis. 
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FIGURE  4 

Station  283=  Water  Path  Oscillographs 

initial  arrival  time  =  0.4^3  milliseconds 

Probe  spacing  =  2.C0  feet 

Sound  speed  =  4,730  feet/ second 

Maximum  signal  voltage  =  044  volts 
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FIGURE  5 


(b) 


005volts^ 

10  mrcroseconds 


O  375  milli»*con«l»  d*<Oy 


Station  283  =Sediment  Path  (48"  deep)  Oscillographs 
Initial  arrival  time5  0  395  milliseconds 

Probe  spacing5  2.00  feet 

Sound  speed*  5,060  feet/second 


M aximum  signal  voltage5  0  09  volts 


FIGURE  6 

Station  283:  Sediment  Path (20"deep)  Oscillographs 
Initial  arrival  time  *  0  434  milliseconds 

Probe  spacing  *2.00  feet 

Sound  speed  *4,610  feet/second 

Maximum  signal  voltoge  *020  volts 
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SABLE  It  SOUND  SPEED  DATA  AND  RESULTS 


Symbol 


Explanation 

Station  number  as  snown  on  Figure  1. 

•b*  Indicates  stations  are  at  same  location. 
Station  26:  changed  to  Station  202. 

Station  140:  changed  to  Station  205. 


Location 


Approximate  co-ordinates  as  shown  on  Figure  1. 


Date 


Date  of  sound  speed  measurement. 

Not  necessarily  same  date  as  sample  collected. 


Depth 


Penetration  In  inches  of  sound  speed  probes, 
•a*  Indicates  no  change  In  sound  speed  over 
depth. 


Sound  speed  In  feet/second  through  the  sedi¬ 
ment  at  the  Station  and  Depth  shown. 

May  be  more  than  one  sediment  sound  speed  at 
a  given  station. 


Sound  speed  In  feet/second  through  the  sea 
water  at  the  Station. 


le  ratio:  V3/V^at  a  Depth  at  a  Station. 


The  approximate  ratio  of  signal  amplitude  In 
sediment  to  that  In  water  at  a  Depth  and  Station. 


ias  Content  Subjective  decision  on  Intensity  of  odor  of 

hydrogen  disulfide.  A  few  stations  had  a  weak 
metnane  odor. 


Comment 


Estimate  of  the  coarseness  and  or  consistency 
of  the  sediment  adhering  to  the  probes. 
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TABLE  I:  Sound  Speed  Data  Results 

Location  Date  Depth  V  V,  n  a  Gas  Content  Comments 

Long.  Lat.  ( Inches ) (ft/slc ){ ft/sec ) 
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TABLE  I:  Sound  Speed  Data  end  Results  (cont.) 
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All  samples  collected  In  Boston  Harbor  were  analyzed  for 
water  content,  grain  size  distribution,  total  iron  and  carbon 
contents  and  clay  minerology.  Of  these,  water  content  and 
grain  size  analyses  only  are  of  relevance  to  the  sound  speed 
measurements.  Sedimenfporoslcy  was  calculated  from  the  masses 
and  assumed  densities  of  water  and  solids.  No  analysis 
technique  was  developed  for  determining  the  amount  or  kind 
of  gases  entrained  in  the  sediment. 

A.  Water  Content  i 

Form  *A*,  Part  'A*  outlines  the  data  collected  in  deter-  ' 
mining  water  content  for  sample  #283.  A  representative  sample 
of  the  Jar  contents  was  selected,  weighed,  dried  at  10  °C.  for 
24  hours  and  weighed  again.  Ihe  water  content  is  determined 
as  the  ratio  of  weight  of  water  to  weight  of  solids  (Lambe^* 
Several  samples  collected  prior  to  Summer,  1966,  nad  to  be 
discarded  since  they  were  Improperly  stored  and  had  obviously 
undergone  considerable  drying  before  tney  were  to  be  analyzed 
for  water  content . .This  is  the  reason  for  the  breaks  in  number 
sequence  as  noted  in  Figure  1  and  Tables  I  ana  II, 

B.  Sieve  Analysis  I 

Form  ’A*,  Part  ’B*  outlines  trie  data  collected  in 
sieve  analysis  of  Sample  #283*  A  representative  sample  or 
the  Jar  contents  was  selected  and  welgned.  After  weis-nlns-, 
the  sample  was  mixed  with  distilled  water  in  an  electric 
mixer.  This  sample  was  then  wet  sieved  through  sieves 
selected  for  the  size  ranges:  greater  than  0.500  mm:  0.250 
to  0.^00  mm;  0.125  to  0.250  mm;  0.063  to  0.125  mm.  The 
fraction  collected  on  each  sieve  was  weighed  and  the  result 
entered  in  tne  table  of  Form  *A'.  The  fraction  that  passed 
through  the  O.O63  mm  sieve  was  placed  in  a  one  liter  grad¬ 
uated  cylinder  for  a  hydrometer  analysis  (discussion  following). 
Once  the  hydrometer  analysis  was  completed,  a  few  milliliters 

-26- 


FORM  A 

SAMPLE  ANALYSIS  SUMMARY 

SampU  dsSZ -  Location  ?*•,*'**' 
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Analysis  By^g  " 

A.  Watsr  Contsnf 
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_ ^.£_ 
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_ f°<? 
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c. 
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-4 

d. 

Water 

content  *  H-bJU  -  *”*-¥**)  , 

77 

(« )-  (a  } 
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■*/*. 
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Weight  of  dish  +  wet  sample 

_ Me,  e 

-4 

« 

Weight  of  wet  sample  (f-e) 
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>  0  900 
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/.  * 
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gg| 

/. « 

94  a 

0123  to  0  2501 

rm  ■ 

/.a 

9ST.  2. 

0063  to  0123 

7/jO _ 

_ -73,  6 _ 

/9  7 

J- 

<  0063  (from  J  above) 

*7 

0/  S' 

by  hydrometer 

Total  sM  Z  soo  o 

(W,  ) 


C  Chsck  on  Ory  Wsight  (Wt) 

£.'  €.  -g 
_ g. 


It  Weigh?  of  *at*r  *  (d  >  x  (g)  *  - 

I  Dry  weight  *  (g)  -  (k )  *  = 


0-  Commsnts  :  MydramtZtr  mAm/ys,j  <  te^ _ 

u/Mfr  ctjfrnS  ***uj-*£c. — tj> — *  ■S'-Tm a  •*?■!.. t/izS- 

Jji/r.  Am  e,»* - - - 
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of  6N  r.CL  was  added  causin'  tne  suspension  to  flocculate 
and  settle  rapidly.  The  cylinder  was  decanted  and  tne 
deposit  dried  and  wei -hed.  The  latter  amount,  added  to  tne 
sieve  weighings  gave  the  total  dry  weight  of  sediment 
analyzed  (wa). 

At  this  point  tne  'porosity*  was  calculated  for  the 

unconsolidated  sediment,  porosity  is  defined  as  the  volume 

ratio  of  voids  to  total  sample.  A  density  In  gm/cm'*  of 

11 

2.  for  the  sediment  solids  based  on  data  from  Lambe^ 
was  assumed:  Boston  blue  Clay  *  2.7 9:  quartz  *  2.( 5; 
fflldhpar  =  2.70.  The  density  for  sea  water  was  taken  as 
1.01  . Sverdrup^ ) .  From  these  assumptions  the  porosity  (n) 

!  v  : 


void  volume 
bulk  volume 


mass  of  sea  water 

_ density  of  3ea  water  ( 5) 

mass  of  sea  water  solid  mass 
density  of  sea  water  solid  dens! 


and  '"or  sample  ¥283,  referlng  to  From  ’A*: 


n 


lei 


1.03 


-  W. 


TToT 


"s 

TTn 


[loo  J 


40.  4  -  18.2 

1.03 

40.4  -  1872,  lfl.2 
1.03  2.75 


[100] 


n  *  7  7i 

his  number  should  not  be  compared  to  the  wa*er  rontenr 
since  porosity  Is  an  estimated  volume  ratio  while  water 
content  Is  determined  as  a  wela-ht  ratio. 
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C.  Hydrometer  Analysis 

Form  ’B*  outlines  the  data  collected  In  tne  hydrometer 
analysis  of  sample  #283.  That  portion  of  the  sample  which 
was  wet  sieved  through  the  0.063  mm  opening  sieve  was 
placed  in  a  one  liter  graduated  cylinder  with  100  milliliters 
of  sodium  oxalate  dispersing  agent  (approximately  one  part 
per  thousand  parts  by  weight)  and  distilled  water  to  make 
one  liter  of  suspension.  The  hydrometer  (Fisher  Scientific 
Instruments  #86^209)  was  read  at  the  time  Intervals  shown 
or  until  tne  least  rsadlnc  approached  1.0000  +  0.0005. 
lemperature  in  °C.  was  read  sufficiently  often  to  monitor 
the  temperature  to  *  0.5°C.  The  hydrometer  reading  (rih) 
was  corrected  for  miniscus  rise  (constant  for  a  a-lven  hydro¬ 
meter)  and  to  this  was  added  a  correction  for  temperature  (’n*). 
The  percentage  (’I*')  of  sample  #283  finer  than  a  given  grain 
diameter  for  an  equivalent  sphere  was  found  from  the  relation: 


N  *  8.79  Uh  +  m]  1  nX 


io  determine  the  diameter  ’j*  of  tne  equivalent  spherical 
particle  for  wnicn  M.'*  is  the  percentage  finer,  tie  nomo- 
~rapnlc  cnart,  Form  *C'  was  used.  A  calibration  was  run  ‘'or 
tne  hydrometer  (Figure  7)  as  explained  _>n  Form  *C*  and  tne 
resulting  hydrometer  readings  were  plotted  cn  the  scale 
"r.e l^nt  in  0.1”  on  Form  'C*.  Using  tne  assumed  density  for 
solids  and  tne  temperature  as  measured ,a~point  on  “he  scale 
"B  x  10a"  was  determined  (see  "Key",  Form  • C •).  Usln^  vn*» 
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hydrometer  reading  corrected  for  mlniscus  rise  (but  not  for 
temperature )and  tne  measured  time,  a  point  on  tne  "Velocity" 
scale  was  determined,  Finally  using  the  "Velocity"  point 
and  tne  "a  x  10a"  point,  the  diameter  *D*  in  millimeters 
was  found. 

D.  Summary  of  Grain  Size  Distribution 

laving  completed  the  sieve  and  hydrometer  analyses, 
a  Grain  Size  Distribution  (cumulative  curve)  was  plotted 
as  in  Figure  8  for  sample  ^283.  This  plot  was  made  from 
the  columns  *1  Finer"  and  "Sieve  rianae"  (minimum  size 
sieve  used)  on  Form  'A'  and  columns  *N*  and  'D*  on  Form  *B*. 
The  final  form  lives  the  diameter  of  particles  for  which 
all  lesser  diameters  torn  a  riven  percentage  finer  by  weight 
of  tne  total  wlemt.  From  this  cumulative  distribution 
curve  the  sand,  silt  and  clay  percentage  (h.I.T.  classi¬ 
fication)  were  read  and  a  jrapnic  aean  Size  was  calculated. 
Since  the  diameter  scale  is  logarltnmic,  conversion  is 
made  to  phi  units  (Folk1'*)  in  calculating  the  G.M.S.: 


■'phi 


-log-D 
Z  mm 


(7) 


where  for  example;  C  pni  =  1  mo,  1  phi  *  1/2  mm,  2  phi  = 
1/4  mm.  rrom  Folk1-*  the  -.h.S.  was  calculated  as: 


j  .  !•: .  5 .  = 


J84«  t  D50*  +  Dl6S  (8) 

j  in  phi  units 


where  Dg^  represents  the  diameter  for  the  84th  percentile 
on  tne  cumulative  curve  and  from  a  scale  converting  mm  to 
pnl  units,  the  rrapnlc  mean  size  for  sample  283  (refer  ko 
: lgure  8 )  is : 


G.r. .3.  =  3.6  +  6.1  +  8.9  =  6.1  phi  *  0.015  mm. 

5 
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muitci  GRAIN  SIZE  DISTRIBUTION 


COLLECTED1  8/3/66 


A  sedissnt  name  was  assigned  the  sample  according  to 

it 

the  scheme  given  by  Folk  ^  and  shown  In  Figure  9.  From 
the  grain  size  distribution  curve  tne  percent  sand  Is  com¬ 
pared  to  the  ratio  of  percent  silt  to  percent  clay.  For 
sample  ^283: 

i  Sand  *  20£ 

Silt :Clay  «  4.3:1 

and  from  Figure  9  the  sediment  name  Is  "sandy  slit".  Since 
the  core  log  did  not  Indicate  any  pebbles  or  shells  In  the 
sample,  this  name  is  applicable. 

Table  II  with  explanation  summarizes  all  the  data  for 
tne  field  and  laboratory  seldment  analyses. 
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SILT  «  CL/tY 


S*  SAND 

S*  SANDY 

C • CLAY 

C ■ CLAYEY 

M-mud 

M«  MUDDY 

Z-SILT 

Z«  SILTY 

FIGURE  9 

Nom*nclotur* 
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TABLE  II:  SEDIHEWI  SAFPLE  DATA  AND  ANALYSES 


Symbol  Explanation 

No.  Station  number  as  shown  on  Figure  1. 

See  Figure  1  and  Table  1  for  co-ordinate 
location. 


Date  Date  sample  was  collected. 

Not  necessarily  the  same  date  as  sound  speed 
taken. 


Depth 


Depth  In  lncnes  Into  bottom  from  which  sample 
taken. 


Inst.  Sampler  used  as  Illustrated  In  Figure  3. 

VV  *  Van  Veen 
SC  *  Square  Corer 

C  *  Corer( cylindrical  tube  used  on  square 

eorer J 


Sand 

Slit  Percentages  as  determined  from  Figure  8. 

Clay 

Name  As  determined  from  Sand,  Silt,  Clay  % 

and  Figure  9. 


G  S . 


graphic  mean  size  in  mm  x  10~3  (explained  in 
text ) 


-s 

W1 

B 


n 


hass  of  dried  solids  In  grams, 
i.ass  of  liquids  In  grams. 

*ater  content  In  %  (explained  In  text), 
•porosity'  In  i  (  explained  In  text). 
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lAL-Lli  II:  Sediment  Sample  Data  and  Analyst®  (cont.) 
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287  8/09/66  6  SC  55  35  10  silty  sand  1*0.1  31.1  16.7  54  59 

288  8/09/66  6  SC  45  40  15  sandy  silt  23.0  24.6  20.6  84  69 

301  8/12/66  6  TV  10  60  30  silt  4.3  9.2  12.3  133  7? 

302  8/12/66  6  VV  5  55  40-  mud  2.6  7.2  14.8  206  85 


TABLE  II:  Sediment  Sample  Data  and  Analysis  (cont.) 

Date  Depth  Inst.  Sand  Silt  Clay  Name  G.K.S.  W  tf-  B  n 

(inches)  (%)  (%)  ( i )  (xlO"3mn. Harm. )  (»m7)  (*)  (t) 

8/12/66  6  VV  30  40  30  sandy  mud  8.4  10.0  12.9  129  78 
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V  HSSULTS  AND  DISCUSSION 


Specific  sound  speed  and  sediment  properties  for  each 
station  are  listed  in  Tables  I  and  II  of  tne  preeeedino- 
sections.  In  Table  I  are  found  the  sound  speed  ratlo(R)  of 
transmission  in  sediment  to  transmission  in  sea  wa^er:  *ne 
signal  attenuation  ratio  (a)  and  pertinent  field  da-.a  as  -  o 
location,  description,  date  measured  and  depth  of  penetration. 
Table  II  lists  tne  sediment  name,  graphic  mean  size,  water 
content  and  porosity  as  well  as  field  and  laboratory  data 
concerning  collection  and  sample  analysis.  The  followln- 
ls  a  discussion  of  these  results  wltn  comparisons  made  to  «-he 
work  of  other  Investigators. 

A.  Sound  Speed  versus  Sediment  Properties 

Figure  10  is  a  plot  of  the  sound  speed  ratio  'R' 
versus  porosity  'n*  for  stations  and  samples  investigated  in 
this  study.  The  solid  line  is  a  ‘best  fit'  curve  for  the 
plotted  points.  Only  those  stations  (55  In  number)  at 
which  the  odor  in  the  sediments  was  estimated  as  weak  or 
absent  are  plotted  In  Fl-ure  10.  Approximately  65  <  or 
the  points  lie  within  or  on  the  two  curves  labeled:  "b=R" 
and  "b=5",  which  are  exponents  In  the  following  general  equa¬ 
tion^)  and  defining  relations  (10,  11)  after  the  statistical 
analysis  of  Nafe  and  Drake^: 

*  vsn  u-n)b  j  (9) 

wnere  V„ comes 
z 

1 


and  d  is : 

d  -  dxn 


from: 


**  a 

d!  V 


C  l-n]  [1  +(<i/3)(us/ks)]  (10) 


+  dg( 1  -  n) 
-u3- 


•a 


-uu- 


»  speed  of  sound  in  liquid 

Vs  *  speed  of  sound  in  solid 

dg  »  density  of  solids 

*  density  of  sea  water 

u  /k„  =  structure  factor 
s  s 


»  1 . f 2  km/sec 
*»  6.00  km/sec 

*  2.65  go/cm3 
■  1.03  gm/cm3 

*  0.60 


The  above  factors,  used  in  equations  (9*10,11)  result  Ins 


Va  *  V  3L  n  ♦  ■  ]  +[  95*5  ] ( 1-n ) 

2  (2.6;  -1 .62n)  2'.^"- . 0?n 


(±.65  -  i.62nj(0.1i05ri  +  0.019) 


(12) 

(13) 


Lett  in*  n  =  1( liquid  only),  the  bulk  sound  speed  reduces  to 
the  liquid  sound  speed: 


v2a  =  2.29  =  V±a  -  V3 

and  letting  n  =  0(sollds  only),  tne  bulk  sound  speed  reduces 
to  the  solid  sound  speed: 

V  3  *  2.00 
z 

v3  »  36.00  *  Vg3 

At  Intermediate  porosities,  the  sound  speed  is  as  shown  with 
a  ratio  'h'  less  than  unity  ovei*  tne  porosity  range:  65  *  to 
IOOjC.  This  effect  has  been  explained  by  Officer-^  and  Is 
discussed  In  the  Introduction  to  tnls  paper. 

Figure  11  is  plotted  in  complete  analogy  to  Fl-ure  10 
except,  that  all  tne  points  represent  stations  where  tne  sras 
odor  was  particularly  pungent( 'moderate'  to  'stron~'  In  Table 
I).  Tne  solid  line  'best  fit*  curve  falls  considerably  below 
ratner  than  Intermediate  to  tne  J.’afe,  Drake^relat  ions.  The 
author  postulates  that  since  tne  sound  speeds  at  these 
stations  are  low  with  respect  to  similar  stations  where  no 
odor  is  present,  tne  gas  odor  represents  erases  at  leas*:  par¬ 
tially  in  a  free  bubble  state.  These  bubbles  are  likely 
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entrained  In  the  soft  organic  ooze  and  are  feeing  generated 
by  organic  decay  in  an  aneroblc  environment.  The  bubbles 
act  as  sound  absorbers  and  effectively  attenuate  and  other¬ 
wise  slow  the  speed  of  proportion.  The  effect  Is  pronounced 
over  a  wide  range  of  porosities  In  comparison  to  the  no n- 
gaseous  sediments:  n  from  48 e  to  100*.  For  mucn  lower 
porosities (35-*  or  less)  compaction  effects  of  train  to  s-raln 
contact  outweigh  the  gas  presence  and  ’n'  Is  -reater  tnan 
unity.  At  ‘n’  equal  to  unity,  * H*  probably  rises  to  unity 
since  from  density  considerations,  even  in  a  gas  saturated 
liquid,  tne  gas  would  not  appear  as  free  bubbles.  Since  the 
gas  would  be  In  solution,  It  would  have  little  sound  trans¬ 
mission  lnnlbitlng  effect. 

An  attempt  was  made  to  relate  mean  crraln  size  -o  ra*lo 
of  sound  speeds.  The  resulting  plot  is  a  scatter  diagram  with 
no  apparent  relationship  between  tne  two  factors.  A  am, 
gaseous  sediments  plotted  well  below  the  'n*  equal  to  unity 
ordinate  and  clustered  In  tne  finer  grained  re.  ion.  "he 
lack  of  correlation  Is  explained  by  tne  unsorted  nature  o' 
the  sediments,  cnaracteristlc  of  rlaclal  tills  and  glacial 
drift.  For  these  deposits,  mean  grain  size  nas  little  real 
significance. 

Figure  12  is  a  log-linear  plot  of  versus  water 
content.  Althourh  the  scatter  Is  severe,  f  or  -nose  samples 
wnlch  are  nongaseous,  a  relation  similar  to  tnat  r  or  *  a* 
versus  'n'  *s  dlstingulshed( solid  line  in  figure  12  is  best 
fit  for  nongaseous  sediments  only).  At  low  water  consent, 
tne  sound  speed  approacnes  tnat  of  tne  solids  and  a-  ;l*i 
water  contents  near  l-'O*  •  n*  Is  less  ‘■.nan  uni*-y  correspond  In? 
to  tne  case  for  porosity  greater  tnan  6$%. 

£.  Sound  Speed  Profiles 

The  neavy  dotted  lines  In  FI  ure  13  represen-  -ne 
locations  of  tne  3ound  speed  profiles  as  plotted  in  rl  ures 
14-17.  The  ordinate  Is  tne  sound  speed  ra-  !  o  * n*  an'*  me 
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R= SOUND  SPEED  RATIO 


«  SOUNO  SPCEO  RATIO 


abscissa  is  dls* ance  in  varis  .roc  *  ne  cos*  wes*  erl  .* 

8'  a*-  ion  on  *  e  pro' lie.  I-oin-s  re  pres  an*  -*as  -re"  r  a*  »  cns, 
crosses  are  -aseous  s’a'iort  an"  boxes  are  s*a‘lons  ’n 
dredged  areas.  ihese  profiles  are  remarkably  smooth  an*!  In¬ 
dicate  me  ratner  afcrup*  increase  in  sound  speed  in  passln- 
'  roc  ;  ie  gaseous  black  mud  of  tr.e  s.nallow  bays  to  tie  as  free 

silts  and  sands  o:  tne  dred  ~ed  channels.  ;hls  concep*  eorre- 

1°  c6 

la-.es  wit.1.  :.if'  :  indin  s  of  .id  erton  '  and  iules  tn a*  tne 

sound  penetration  characteristics  of  shallow,  undredged 
bays  in  coston  carbor  are  much  in'  erior  to  tnose  oc  dredged 
cnannels . 

C.  Comparison  to  Otter  Aork  . 

Oven  t  iou-h  a  plot  of"  naan  .rain  size  versus  * H*  for 
all  stations  showed  no  apparent  correlation,  1*  one  -roups 
t-.e  sound  speed  results  in  terms  of  sediment  type,  one  '’’nds 
sound  speeds  limited  to  ratner  specific  numbers  wltn  ra* ter 
small  s*an"‘ard  deviations,  fable  III  expresses  tte  sed - 
lr.en*  sound  speed  as  determined  from  average  'n'  values  and 
an  avera- e  sea  water  sound  speed  of  ^880  ft/sec.  Also 
listed  are  tte  mean  and  standard  deviation  in  'h*  and  tne 
number  o:  samples  representing  tne  sediment  type,  wltn 
paren*  teses  indicating  sediments  specific  to  tnls  study. 
Conslcerln.  tne  ratner  .nlg.t  standard  deviation  '"iven  for  tne 
mean  *  a*  values  listed,  iable  III  snows  a  general  agreement 
for  mean  sound  speeds  of  broad  sediment  types  a  mono-  the 
various  workers.  All  comparisons  are  made  for  sediments 
free  of  ;as. 

C  final  note  is  tne  far  that  botn  Yul°s^  and  Fhlpps^0 
assumed  in  *neir  Boston  arbor  seismic  work  tna*  *ne  Eos*  on 
Blue  Clav  tad  a  sound  propo-ation  speed  equival®n*  to  tnat 
of  sea  wa*er.  Inis  assumption  was  actually  no*  rar  In  error 
as  shown  by  Iable  III.  Jept.ns  to  horizons  wl*nin  *n)s  clay 
as  determined  from  fielr  travel  time  curves  were  probably 
in  error  by  less  tnan  2*  under  *.nls  assumption. 
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u.  Drror  Analysis  and  ..easuremenr  Consistency 

.he  precision  of  any  sound  speed  measurement  in  tils 
study  Is  United  by  spar*  cable- hydropnc.he  separation  and 
tnus  by  tr.e  relative  spacing  of  tne  probes.  Tne  author 
assumed  after  repeated  use  that  the  probe  spacing  ~emalned 
fixed  to  within  0.15  inches  in  24.00  lncnes.  Assuming  a 
mean  sound  speed  of  4880  feet/second,  this  spacing  lndlca*es 
that  time  measurements  were  accurate  to  four  microseconds 
In  410  microseconds  or  approximately  1,8  wnlch  represents 
approximately  50  reef /second  In  ->000  feet/second.  Cn  the 
oscilloscope  10  microsecond  delayed  time  base  scale,  time 
could  be  read  easily  to  two  microseconds. 

A  test  of  precision  at  a  given  station  is  represented 
In  tne  value  at  each  or  four  stations  occupied  on  two 
different  dates: 


Star  Ion 

Date 

Depth 

a 

(inches) 

28 

7/04/66 

7 

1.24 

8/22/66 

20 

1.20 

38 

7/04/66 

25 

0.95 

8/22/66 

31 

0.92 

87 

8/06/66 

27 

1.00 

8/12/66 

48 

1.03 

245 

7/12/66 

10 

0.94 

7/16/66 

26 

0.94 

It  Is  not 

ed  tha  an  *n*  value  could  be  repeat 

ed  to  within 

3<  of  its 

original  value 

considering  all  me 

possible  errors 

In  relocating;  on  station 

and  sinxin  tne  pro 

bes  to  the  same 

horizon. 

ihe 

sea  water  sound 

speed  was  averared 

from  104  measure 

ments  anc 

found  to  be  4880  feet/second  with  ; 

a  standard  devla- 

tion  of  110  feet/second. 

.nls  discrepancy  is 

explicable  with 
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respect  tp  the  area  studied.  Eos’- on  Harbor  has  several 
Shallow  bays  that  war n  considerably  compared  to  deeper 
snip’s  channels.  The  amount  of  3ewage  and  other  debris  In 
the  water  botn  alter  Its  temperature  and  Its  dispersive 
character  with  respect  to  sound  transmission.  The  entire 
harbor  also  warmed  somewhat  over  tne  summer  during  which 
this  study  was  conducted .  various  amounts  of  sewage  and 
•fresh*  water  effluent  also  alter  tne  salinity  of  the  water 
locally.  Considering  the  Increments  of  '-,.7  /second  per0?. 
Increase  In  temperature  and  4.3  feet/secor.d  per  one  thousandth 
part  Increase  In  salinity,  It  Is  not  surprising  that  the  wa“er 
sound  speed  was  variable  witnln  tne  limits  of  4720  to  C.0C0 
feet/second  over  tne  summer  In  the  Harbor. 

As  a  test  of  consistency  In  laboratory  procedures 
and  results,  sediment  samples  from  three  stations  were  cnosen 
on  which  to  carry  cut  complete  analyses  by  two  different 
laboratory  personnel.  Samples  193,  194  and  195  as  shown 
In  lable  II  have  duplicate  reaalrgs  for  all  parameters  deter¬ 
mined.  Considering  the  unsorted  nature  of  most  samples 
collected,  the  comparisons  of  graphic  mean  sizes  and  per¬ 
centages  of  sand,  slit  and  clay  are  within  reason.  In 
the  tnree  comparisons,  porosity  varied  by  as  much  as  10< 
and  water  content  by  as  much  as  100*.  The  latter  Is  due 
mainly  to  the  difficulty  In  determining  water  content  on 
a  sample  t.nat  Is  poorly  sorted  and  not  fully  d  isa -arre^at  eh  . 
Estimates  of  accuracy  considering  tne  laboratory  tech¬ 
niques  used  are  as  follows: 

Sand,  Slit,  Clay  j.ft.S.  mater  Content  Porosity 

±5%  t  10i  +  25*  t  5 * 

This  variation  In  percentage  of  size  component  does  not 
affect  the  choice  of  sediment  name.  .•  ean  size  is  not  an 
appropriate  characterization  of  unsorted  materials,  mater 
content  was  not  a  critical  factor  in  this  study  an^  “he 
technique  used  for  Its  determination  was  not  repeatable 

-5‘- 


In  trie  same  sample.  Porosi-y  was  calcula-ed  * Tom  accurately 
de  ermined  solid  anc  liquid  wel^n-s  since  complete  dlsarrre- 
ga‘l on  Inst red  cocple'e  dryln  o''  solid  corponen‘s. 


VI  CONCLUSIONS  AND  rtiCCiv'.cNDAT  IONS 


Ihe  object  of  this  invest!  atlon  was  to  relate  t.oe 
speed  o ;  sound  transmission  in  marine  sediment  to  otoer 
physical  properties  of  tne  sediments,  '.his  troal  was  accom¬ 
plished  usln  the  equipment  and  techniques  nereln  described. 
Conslderln-  the  unsorted  and  altered  condition  of  tne 
sediments  examined  In  Eoston  harbor,  tne  correlation  between 
sound  speed  and  sediment  properties  is  ramer  remarkable. 
ja*:a  ob-alned  in  nis  s' udy  compare  favorably  wim  analorous 
work  of  otter  invest  1  .-a- ions  and  results  assocla-ed  wifn 
particularly  aseous  sediments  have  been  explained.  The 
reneral  character  of  variation  of  sound  speed  In  me  surflcal 
sediment  layers  ever  ’-he  .arbor  tas  been  described. 

I  Is  -  te  au‘  Tor's  opinion  t  nat  me  desion  of  me 
sediment  sound  probe  -  ould  be  improved  with  respec*-  "o  s* ab¬ 
ility  and  better  monltorln-  of  depm  of  penetra*- Ion.  Com¬ 
parison  on  t  ie  basis  of  physical  properties  would  probably 
be  rauc  ;  Improved  If  care  were  taken  :o  select  samples  ‘"rorr. 
exactly  tne  depth  at  wqicn  tie  sound  speed  Is  measured. 

If  a  nl  h  ener  y,  controlled-ou1- put  sound  source  were 
used,  transclssl  Ion  t..ro«  n  aseous  sediments  would  be 
facilitated.  If,  In  addition,  a  quantitive  estimate  of 
tne  free  -as  could  be  made,  tnls  couln  be  correlate^  to  tne 
sound  sl-nal  amplitude  attenuation. 
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